Aims/hypothesis Individuals with type 1 diabetes have an increased incidence of coronary artery disease (CAD) and a higher risk of cardiovascular death compared with individ-
Introduction
Patients with type 1 diabetes have a greatly increased risk of coronary artery disease (CAD) and cardiovascular death compared with the general population [1, 2] . While chronic hyperglycaemia [3, 4] and insulin resistance [5, 6] partially explain this excess CAD, little is known about the potential genetic determinants of accelerated coronary atherosclerosis in type 1 diabetes [7] [8] [9] [10] .
Coronary artery calcification (CAC), detected non-invasively using electron beam tomography, is one of the most sensitive and specific markers of coronary atherosclerotic plaque burden, and has been shown to predict coronary events [11, 12] . Rapid progression of CAC, observed on serial scanning, also predicts future coronary events [11] . It has been shown that diabetic patients have a significantly higher frequency of coronary calcification compared with individuals of the same age in the general population [5, 13] . Coronary calcification has been shown to independently predict myocardial infarction (MI) or obstructive CAD in type 1 and type 2 diabetic patients [14] [15] [16] .
Apolipoprotein A-IV (APOA4), a structural glycoprotein found in chylomicrons, HDL and VLDL, present in the circulation as a lipoprotein-free form, was suggested to have potent anti-atherogenic properties [17, 18] . APOA4 plays an important role in reverse cholesterol transport from peripheral cells to the liver by promoting cholesterol efflux from cells (including macrophages) [19] and by enhancing formation of HDL via activation of lecithin-cholesterol acyl transferase [20] . APOA4 can modulate the transfer of cholesteryl esters from HDL to LDL [21] , influence activation of lipoprotein lipase, and serve as a naturally occurring potent anti-oxidant [22] . Low plasma APOA4 levels have previously been associated with an increased risk of CAD [18, 23] .
Common polymorphisms in the APOA4 gene, found on the long arm of chromosome 11 in humans, cause the substitution of Gln for His at position 360 in the protein product, near the carboxyl terminus, and the substitution of Thr for Ser at position 347 [24] . The Gln360His polymorphism generates two common isoforms of APOA4, APOA4-1 (Gln360) and APOA4-2 (His360), with the APOA4-1 frequency in Europids ranging from 0.84 to 0.96 [25] [26] [27] . Previous reports on the effect of the Gln360His and Thr347Ser polymorphisms on lipid/lipoprotein levels [25, [28] [29] [30] and CAD risk in the general population have produced inconsistent results [28, 31] . To our knowledge, the role of these APOA4 polymorphisms in the predisposition to CAD and CAC progression has not been studied in subjects with type 1 diabetes, although a previous report suggested that the His360 allele is associated with MI in type 2 diabetic patients [31] .
The aim of our present study was to evaluate the association of the APOA4 polymorphisms with CAC progression in type 1 diabetic subjects and non-diabetic control subjects participating in the Coronary Artery Calcification in Type 1 Diabetes (CACTI) study [5] .
Subjects and methods

Study population
The CACTI study is a prospective cohort study of 1,416 subjects (652 with type 1 diabetes and 764 non-diabetic control subjects) that was designed to assess risk factors associated with the development and progression of subclinical CAD, measured by the presence of CAC, with the aim of identifying targets for the prevention of CAD [3, 5, 7] (Electronic supplementary material [ESM] Fig. 1) .
Type 1 diabetes patients, 19-56 years of age, with longlasting disease (mean disease duration [±SD] 23.5± 9.0 years), disease onset <35 years of age, and treated with insulin within 1 year of diagnosis, were enrolled into the study. The non-diabetic control group comprised subjects of similar age and sex, who were spouses, friends or neighbours of cases. The participants' age, race and sex and data concerning health status were self-reported, and anthropometric (BMI, WHR) and blood pressure measurements were obtained during the recruitment phase.
None of the subjects from either group had symptoms of unstable angina, a history of CAD, coronary angioplasty or coronary artery bypass grafting. The race and ethnic distribution of cases and controls are presented in ESM Table 1 . The study protocol was reviewed and approved by the Colorado Combined Institutional Review Board. Informed consent was obtained from all participants prior to enrolment.
Laboratory measurements
Total plasma cholesterol and triglyceride levels were measured with standard enzymatic methods, and LDL cholesterol was calculated by the Friedewald formula [32] . HbA 1c levels were determined by HPLC (Bio-Rad Variant). AER was measured twice by RIA, and the mean of the two results is presented (Diagnostic Products, Los Angeles, CA, USA). Adiponectin, C-reactive protein (CRP), plasminogen activator inhibitor 1 (PAI-1) and homocysteine were measured as described previously [7] .
Coronary artery calcification volume scores (CVS), presented in Agatson units (AU), were measured by electronbeam CT (C-150 Ultrafast CT scanner; Imatron, San Francisco, CA, USA) before and after 2.4±0.4 years followup, and progression of CAC was defined according to the method of Hokanson et al. as an increase of ≥2.5 mm 3 in the square root-transformed calcium volume scores [33] . To avoid interference with other calcifications located outside atheromatous lesions, a region of interest was encircled in each coronary artery, and computer-driven measurements of the lesion area and its maximum density were recorded. Thr347/Thr347 Thr347/Ser347 Ser347/Ser347
Subjects with CAC progression (%) CAC scores were calculated by the addition of all measurements for left main, left anterior descending, circumflex and right coronary arteries. The total CAC score was presented as a mean value of measurements from two independent CT scans performed within 5 min of each other during each visit [5, 33] . Among the participants of the CACTI study, APOA4 genotyping data were available for 1,373 subjects (96.7% of the study population), 634 with type 1 diabetes and 739 from the control group, and 1,141 of whom completed the follow-up visit and were evaluated for CAC progression (ESM Fig. 1 ). As the number of participants from racial and ethnic minorities was relatively low (see ESM Table 1) for a genetics study, to avoid a bias associated with different allele distributions in the minority populations [34] , differences between the frequencies of genotypes and haplotypes are presented only for non-Hispanic white (NHW) subjects (Table 1 and Fig. 1 ).
Genotype determination
Genomic DNA was extracted from leucocytes by the salting out method. Single-nucleotide polymorphisms (SNPs) c.A1039T and c.G1080T in the APOA4 gene, resulting in the substitution of Thr for Ser at codon 347 and Gln for His at codon 360, were determined by amplification with biotinylated primers, and hybridisation to immobilised sequence-specific oligonucleotides [35] .
Statistical analysis
Allele and genotype frequencies were estimated by gene counting, and the differences between the study groups were evaluated by Pearson's χ 2 test or Fisher's exact test when appropriate. Haplotype EM (Expectation/Maximisation) estimation was performed with haplotype score statistics using the haplo package of R program (version 1.8.1; the R Foundation for Statistical Computing, 2003; available from http://cran.us.r-project.org, last accessed in May 2006). Hardy-Weinberg equilibrium expectations were tested using a χ 2 goodness-of-fit test.
The degree of linkage disequilibrium between alleles of studied loci was calculated using Haploview 2.05 (http:// www.broad.mit.edu/mpg/haploview, last accessed in May 2006) and expressed as D′.
Multiple logistic regression models were used to assess the relationship between the progression of CAC and APOA4 polymorphisms (SAS 9.0, SAS Institute, Cary, NC, USA). Maximum likelihood estimates of the odds of having coronary calcium in relation to APOA4 genotype category were obtained from models with and without covariates associated with CAD and/or CAC risk in previous studies ( Table 2) .
The Cochran-Armitage χ 2 test for linear trend was used to test for increasing percentage of subjects with CAC progression by APOA4 genotypes. For continuous variables, differences between groups were evaluated with the Mann-Whitney U test, and their relationship with CAC progression was evaluated by linear regression. For all comparisons, statistical significance was defined as p<0.05.
Results
The study population included 1,175 NHW subjects (584 with type 1 diabetes and 591 non-diabetic control subjects) ( Table 1 ). The frequencies of APOA4 variant alleles did not differ between the NHW type 1 diabetic patients and nondiabetic control subjects (His360: 8.6 vs 8.4%; Ser347: 21.0 vs 19.4%), and the genotypes were in Hardy-Weinberg equilibrium. Among both the diabetic group and the control group, there were no significant differences between those carrying the APOA4 His360 allele (Gln360/His360 or His360/His360 genotype) vs those with the Gln360/Gln360 genotype in terms of age, sex, BMI, duration of diabetes, WHR, lipid profile, blood pressure, smoking, other cardiovascular risk factors or treatment with statins (Table 1) .
In the 985 NHW subjects (484 with type 1 diabetes and 501 non-diabetic control subjects) who completed both the baseline and the follow-up visits, the His360 allele was associated with a significantly increased risk of CAC progression among patients with type 1 diabetes (33.7 vs 21.2%, p=0.014), but not among the control subjects (14.1 vs 11.1%, p=0.42) ( Table 3 ). Further analysis revealed that the effect of the APOA4 His360 allele on risk of CAC progression was observed only in type 1 diabetes subjects with a HbA 1c of ≥7.0% (38.7 vs 21.2%, p=0.003), but not in those with a baseline HbA 1c of <7.0% (20.1 vs 20.1%, p=1.0).
The difference in baseline CAC frequency between type 1 diabetes subjects with the His360 allele and those without the His360 allele was not significant (Table 3) , neither was the difference between CAC frequencies after follow-up (56.1 vs 46.6%, p=0.097); however, in the logistic regression analysis the His360 allele was a predictor of the presence of baseline CAC and the presence of CAC after follow-up (odds ratio [OR]=1.97, 95% CI 1.0-3.9, p=0.047; OR=2.2, 95% CI 1.1-4.2, p=0.023, respectively) when adjusted for age, sex, disease duration, duration of follow-up, HbA 1c , total LDL, HDL, triglycerides, creatinine, AER, BMI, WHR, smoking, hypertension, treatment with statins, antihypertensive treatment, CRP, homocysteine, PAI-1 or adiponectin.
The frequency of the His360 allele was nearly twice as high among type 1 diabetes subjects with CAC progression (13.3%) as among non-progressors (7.7%) ( Table 2 ). In the control group, the His360 allele was also more frequently found in CAC progressors (11.2%) than non-progressors (8.4%), although the difference did not reach statistical significance (Table 1 ). There was no statistically significant difference in the frequencies of alleles and genotypes at position 347 between type 1 diabetic patients and control subjects; the distribution of genotypes followed the same pattern in the two groups.
Only three haplotypes were constructed since strong negative linkage disequilibrium between the studied polymorphisms was observed (in the control group and subjects with type 1 diabetes D′=−1, r 2 =0.025; D′=−0.854, r 2 =0.018, respectively). As expected, the frequency of the Thr347/ His360 haplotype was significantly higher among CAC progressors than non-progressors in subjects with type 1 diabetes (p=0.01), but not in the control group (p=0.15).
In the logistic regression analysis, progression of CAC was more likely in the presence of diabetes (OR=2.4, p<0.0001) or the His360 allele (OR=1.7, p=0.013). CAC progression was also predicted by the interaction between the His360 allele and HbA 1c (OR=1.7, p=0.025). While the interaction Moreover, the percentage of subjects with CAC progression increased with the number of His360 alleles, from 16.0% among subjects with the Gln360/Gln360 genotype, to 23.1% in those with the Gln360/His360 genotype, and 42.9% in subjects homozygous for His360 (p=0.007 for Cochran-Armitage test for linear trend, Fig. 1) .
General linear regression analysis showed no significant relationship between the studied APOA4 alleles/genotypes and levels of total cholesterol, HDL, LDL, triglycerides, CRP, PAI-1, homocysteine or adiponectin (data not shown).
Discussion
In the present study we found that the presence of the APOA4 His360 allele predicts progression to coronary atherosclerosis in adults with type 1 diabetes of long duration. In the control group, the atherogenic effect of the His360 allele, if present, was not significant. This study is the first to suggest a role of APOA4 polymorphism in subclinical coronary atherosclerosis. The results are consistent with a previously published study in type 2 diabetes, in which the APOA4 His360 allele was associated with MI in diabetic patients, but not in non-diabetic control subjects [31] . Interestingly, the risk of MI was particularly high in obese (BMI >27 kg/m 2 ) type 2 diabetic patients with the His360 allele. We could not find an interaction (data not shown) between the effects of BMI and the His360 allele in our much leaner population. Similar to the results of the type 2 study, we found no evidence that the effect of the His360 allele is mediated by the components of the insulin resistance syndrome; however, it does seem to be related to diabetes control.
We cannot exclude the possibility that the lack of an association between APOA4 variants and CAC progression in our non-diabetic control group is the result of the low risk of CAD and CAC progression in this relatively young group (mean age 39±9 years). In a prospective cohort study of 2,800 healthy men (50-61 years of age) who were followed over 9 years, compared with men with other genotypes, those homozygous for Ser347 had a significantly higher risk of coronary heart disease and slightly, but statistically significantly lower, plasma levels of APOA4 [28] . The hazard ratio for CAD in those homozygous for His360 was 3.27, although the overall effect of the His360 allele was not significant in this large British study [28] . As our data for the non-diabetic group are similar, one could suggest that both alleles (Ser347 and His360) have independent effects on CAD risk, but only the His360 allele shows an interaction with non-genetic factors associated with diabetes. The APOA4 His360 variant is not only a marker of other polymorphisms within the APOA5/APOA4/APOC3 gene cluster on chromosome 11, but is also a structurally and functionally different APOA4 isoform (APOA4-2) [36] [37] [38] . It has been shown that this isoform has a more alpha-helical structure, a slower catabolic rate and a higher binding affinity for phospholipids compared with the wild-type APOA4-1 [36] [37] [38] .
However, since the APOA4 gene is localised within the APOA5/APOA4/APOC3 cluster, it is possible that the association of the Gln360His polymorphism with CAC progression could be a result of the high LD within this region on chromosome 11q23 such that the studied polymorphism is only a marker of another functional SNP within the flanking regions of the APOA4 gene (APOA5 or APOC3 gene).
It is rather unlikely that the association of APOA4 gene with a higher risk of CAC progression is a result of LD with the APOA5 gene, since a region of significantly increased recombination between the APOA5 gene and the rest of the APOA4/C3 cluster was recently identified by Olivier et al. in a very elegant analysis of LD and haploblocks of 49 SNPs in a 150 kb region spanning the APOA5/APOA4/APOC3 cluster [39] .
On the other hand, a potential confounding effect of the APOC3 gene might still be possible, since the association of APOC3 gene haplotypes with susceptibility to type 1 diabetes was recently reported by Hokanson et al. [40] .
To address this concern, we have performed an additional analysis of the LD between the APOA4 variants and common polymorphisms of the APOC3 gene, which were previously studied in the CACTI population [40] . Based on LD for the His360 allele and consecutive SNPs (D′≥0.80), only one 11-kb haplotype block was defined, which contained both studied APOA4 polymorphisms and five APOC3 SNPs (C-641A, C-482T, T-455C, C1100T, C3175G). Further analysis revealed that within this haplotype block, only the T-A-C-C-T-C-C haplotype is significantly more common in CAC progressors in comparison to non-progressors among subjects with type 1 diabetes (haplotype allele frequency in cases vs controls 0.135 vs 0.076, respectively, p=0.007). Since the T-A-C-C-T-C-C haplotype was the only variant in the observed haploblock that includes the His360 allele, it provides strong evidence confirming the functional role of His360 in the risk of CAC progression.
One possible explanation for pro-atherogenic effects of the His360 allele in type 2 diabetes could be that this allele is associated with delayed postprandial triglyceride clearance and higher glucose levels, resulting in a more pronounced effect on CAD risk in patients with perturbed lipid metabolism and type 2 diabetes [41, 42] . However, it seems that this is not the reason in our study, since lipid parameters (total cholesterol, LDL, HDL and triglycerides) were better in type 1 diabetic subjects and showed no significant relationship with the APOA4 His360 or Ser347 alleles. In addition, there was no association of the APOA4 His360 allele with CRP, PAI-1, homocysteine and adiponectin levels.
Interestingly, it was recently observed that APOA4 levels are closely related to glycaemic control, independently of triglycerides or HDL in subjects with type 1 diabetes [24] . As hyperglycaemia can increase oxidative stress through enzymatic and non-enzymatic processes, one can hypothesise that the increase in APOA4 may represent a natural protective response against increased production of reactive oxygen species and lipid peroxidation. The 'oxidative burst' associated with accumulation of activated macrophages and NADPH oxidase activation observed in atherosclerotic areas of vessel walls is highly related to glucoxidation and/or lipooxidation both in type 1 and type 2 diabetes [30, 43] .
However, it was recently found that diabetic subjects with CAD who were homozygous for the Ser347 allele had significantly lower total antioxidant activity than subjects with other genotypes [44] . We can only speculate as to whether the pro-atherogenic effect of the APOA4 His360 allele in type 1 diabetic subjects is dependent on defective antioxidant properties of the APOA4-2 isoform [17, 22] . In this case, the diminished protective role of APOA4 could be more pronounced in situations when production of reactive oxygen species is increased (such as with poorly controlled diabetes), while in subjects with relatively lower oxidative stress, the significance of this genetic variant in rapid progression of atherosclerosis is less important [31, 43] . This hypothesis is in line with our present observation that the effect of the APOA4 His360 allele on risk of CAC progression was observed only in type 1 diabetes subjects with a baseline HbA 1c of ≥7.0%, but not in those with an HbA 1c of <7.0%.
In summary, this is the first report suggesting an association between the APOA4 Gln360His polymorphism and increased risk of CAC progression in subjects with type 1 diabetes. Additional studies are needed to explore potential interactions between APOA4 genotypes and metabolic/oxidative stress components of the diabetic milieu leading to rapid progression of atherosclerosis.
